Introduction {#Sec1}
============

Type 2 diabetes mellitus (T2DM) is a chronic disease characterized by progressive deterioration of insulin-producing pancreatic beta cells, resulting in worsening hyperglycemia over time \[[@CR1]\]. The typical clinical treatments for T2DM are the sequential addition of anti-diabetic drugs, basal insulin treatment, and more complex treatment regimens \[[@CR2]\]. Basal-bolus regimens are usually the last option in this progression of treatments, but they fail to stop the loss of beta-cell function. In addition, even intensive basal-bolus insulin treatment is limited in terms of achieving glycemic targets due to insufficient insulin dose titration arising from concerns about the risks of severe hypoglycemia and serious adverse events (SAEs) \[[@CR3]\]. Indeed, the ideal anti-diabetic treatment combines glycemic control and a low propensity for causing body weight gain and hypoglycemia.

Insulin glargine, the first-generation long-acting basal insulin analogue, has changed insulin treatments in T2DM. In earlier trials, insulin glargine showed a lower rate of nocturnal hypoglycemic episodes than did neutral protamine Hagedorn (NPH) insulins, with patients in both treatment groups showing equal weight gain and similar glycemic control \[[@CR4]\]. However, compared with insulin degludec, insulin glargine has a shorter duration of action (18--26 h), and considerable residual variability still remains \[[@CR5]\].

Insulin degludec is a novel ultra-long-acting basal insulin analogue that has been shown in developmental trials to have a duration of action of up to 42 h and a half-life of approximately 25 h \[[@CR6]\]. The long-lasting effect of this insulin is primarily due to the formation of soluble poly-hexamers at the injection site; the monomer is subsequently gradually separated and absorbed into the circulation, thereby producing stable pharmacokinetic profiles under the steady state condition \[[@CR7]\]. In this context, strong physiological and clinical rationale lends support to the potential benefits of insulin degludec. First, with its longer duration of action, insulin degludec might enable the insulin dosage and number of insulin treatments to be reduced, which would encourage patients to optimize insulin treatment. Second, pharmacokinetic/pharmacodynamic (PK/PD) profiles of insulin degludec cause much less within-patient variability, resulting in lower risks of hypoglycemia \[[@CR8]\]. The lower risk of severe hypoglycamia could decrease the risks of SAEs and mortality \[[@CR9]\].

Given this compelling evidence, a series of clinical trials have assessed insulin degludec versus insulin glargine. Recognizing that individual studies might be unable on their own to provide sufficient data to affect real-life medical practice, we sought to objectively assess the potential role of insulin degludec treatment in the management of T2DM by compiling evidence from a number of studies. Therefore, we performed a systematic review and meta-analysis of randomized controlled trials (RCTs) to establish the effect of insulin degludec versus insulin glargine on key outcomes in the treatment of patients with T2DM, including glycemic control, hypoglycamia, body weight gain, and SAEs.

Methods {#Sec2}
=======

This meta-analysis is reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement \[[@CR10]\]. The PRISMA checklist is included in Electronic Supplementary Material (ESM) Table S1.

Search Strategy {#Sec3}
---------------

Our search strategy was to identify and retrieve all relevant studies published prior to 13 August 2018 from the PubMed, Embase, Web of Science, and Cochrane Library databases. All related articles were retrieved without language or geographical limitations. The keywords used were "type 2 diabetes," "insulin degludec," and "insulin glargine." The reference lists of the relevant articles were also manually examined to identify other potentially related studies. The searches were conducted independently by two investigators (WCZ, JXT).

Eligibility Criteria {#Sec4}
--------------------

All studies included in the meta-analysis met the following inclusion criteria: (1) study design: RCTs; (2) patient population: patients with T2DM; (3) intervention: insulin degludec versus insulin glargine; (4) outcome variables: changes in glycated hemoglobin (HbA1c) or changes in laboratory-measured fasting plasma glucose (FPG) or proportion of participants with HbA1c ≤ 7.0%   OR proportion of participants experiencing ≥ 1 hypoglycemic event  or changes in body weight or proportion of participants with major adverse cardiovascular events (MACEs), or proportion of participants with SAEs. The exclusion criteria were: (1) observational and retrospective studies; (2) duplicate publications; (3) letters, review articles; (4) cadaver subjects or animal studies; (5) studies in which the duration of the intervention was \< 8 weeks.

Data Extraction and Quality Assessment {#Sec5}
--------------------------------------

Two investigators (WCZ, JXT) independently reviewed the study titles and abstracts and extracted data from the articles. Disagreements were resolved by consensus and discussion with the corresponding authors (XDZ, HXC). The following study characteristics and results were extracted from each eligible study: (1) basic data (name of first author, publication year, location of study, study design; differential interventions; duration of interventions; total number of participants; age of participants; sex ratio; duration of diabetes; baseline HbA1c and FPG; baseline body mass index \[BMI\]; baseline body weight) and (2) outcomes (changes in HbA1c, FPG, and body weight \[mean and standard deviation\]; the number of participants with HbA1c ≤  7.0%; the number of participants experiencing ≥ 1 hypoglycemic event; the number of participants with SAEs; the number of participants with MACEs). We did not contact the authors for additional data and only extracted the reported results from the published articles. Two independent reviewers (WCZ, JXT) rated risk for bias according to the methods described in the Cochrane Handbook for Systematic Reviews of Interventions \[[@CR11]\].

Statistical Analysis {#Sec6}
--------------------

We evaluated the efficacy and safety of insulin degludec versus insulin glargine on six outcomes: efficacy endpoints, as assessed by HbA1c, FPG, and proportion of participants with a target HbA1c of ≤ 7.0% or lower; safety endpoints, as assessed by the incidence of confirmed hypoglycemia episodes (total, nocturnal, and severe); SAEs, and changes in body weight. We conducted meta-analyses using a random-effects model. The weighted mean difference (WMD) and 95% confidence interval (CI) were calculated for continuous variables (HbA1c, FPG, and body weight). We also calculated an overall relative risk (RR) and 95% CI to analyze the dichotomous data (proportion of participants with HbA1c ≤ 7.0%, proportion of participants experiencing ≥ 1 hypoglycemic event, and proportion of participants with SAEs). Statistical heterogeneity was checked by the Cochran *Q* test and *I*^2^ tests. If heterogeneity was substantial (*P* \< 0.1, *I*^2^ \> 50%), a sensitivity analysis was performed to identify the source of the heterogeneity. If the heterogeneity could not be eliminated, we used a random-effects model. Publication bias was assessed using Egger's linear regression test, and we defined no publication bias as a *P* value of \> 0.05. For all statistical analyses, a *P* value of \< 0.05 was regarded as being indicative of statistical significance with the exception of heterogeneity. We conducted random-effects meta-regression to assess the impact of study characteristics on the effect sizes. The explanatory variables included sex ratio, age, baseline HbA1c, baseline BMI, baseline weight, baseline FPG, duration of diabetes, and duration of interventions. Subgroup analyses were carried out based on background treatment (insulin-naïve or insulin treatment) and differential interventions of insulin degludec (once-daily or three times a week). We used RevMan version 5.3 software and StataSE version 12.0 statistical software (Stata Corp., College Station, TX, USA) for all statistical analyses.

This article is based on previously conducted studies and does not contain any studies with human participants or animals performed by any of the authors.

Results {#Sec7}
=======

Overall Characteristics of Selected Trials and Quality Assessment {#Sec8}
-----------------------------------------------------------------

We identified 1495 studies in our search of the databases, of which 15 (with data for 16,694 participants) were included in our analysis. These 15 RCTs were all published between 2012 and 2018. The flow diagram of the search procedure is shown in Fig. [1](#Fig1){ref-type="fig"}, and the characteristics of the included studies \[[@CR12]--[@CR25]\] are described in Table [1](#Tab1){ref-type="table"}. Mean trial duration was 43.3 (range 24--104) weeks. Patients had a mean baseline HbA1c of 8.31% (range 7.6--8.86%), mean baseline FPG of 165.7 (range 137--186) mg/dL, mean baseline BMI of 30.9 (range 24.6--36.2) kg/m^2^, and mean duration of diabetes of 11.1 (range 8--16.4) years. Of the 15 RCTs, 12 were carried out in multiple countries \[[@CR13]--[@CR21], [@CR24], [@CR25]\], two in the USA \[[@CR22], [@CR23]\], and one in Japan \[[@CR12]\]. In the two crossover trials, participants were switched directly to the other intervention without a washout period \[[@CR22], [@CR23]\]. Therefore, only the first treatment phrases were chosen in the meta-analysis, and we performed a pre-specified sensitivity analysis for possible bias. Nine trials compared insulin degludec with insulin glargine on a background of insulin naïvety \[[@CR12], [@CR14], [@CR18]--[@CR21], [@CR24], [@CR25]\], leading us to perform a subgroup analysis based on the background treatment (insulin naïvety or insulin treatment). In 13 trials used Insulin degludec was administered once daily in 13 trials \[[@CR12]--[@CR23], [@CR25]\] and three times per week in only two trials \[[@CR24]\]. One of the RCTs was a three-arm trial (IDeg OD Flex vs. IDeg OD vs. IGlar OD) \[[@CR17]\], where OD refers to once-daily administration, and OD Flex refers to intervals between injections ranging from 8 to 40 h. In accordance with the methods described in chapter 16 of the Cochrane Handbook for Systematic Reviews of Interventions \[[@CR11]\], to analyze the three-aim study we combined the two groups IDeg OD Flex and IDeg OD and the compared the results of the merger with the IGlar OD group. Details of the risk of bias assessment are given in Fig. [2](#Fig2){ref-type="fig"}.Fig. 1Flow diagram for identifying eligible studies Table 1Baseline characteristics of randomized controlled trials included in the meta-analysisFirst authorYearLocationDesignBackground treatmentDifferential interventionsDuration of intervention (weeks)Number of participantsNumber of male participantsMean age (years)Mean baseline HbA~1c~ (%)^a^Mean baseline FPG (mg/dL)Mean baseline BMI (kg/m^2^)Mean baseline body weight (kg)Mean duration of diabetes (years)Rosenstock \[[@CR21]\]2018158 sites in 16 countriesRCTInsulin-naïveIDeg-100^b^ OD vs. IGlar-300^c^ OD24929502 (54%)60.58.64 ± 0.8218631.589.710.6Wysham \[[@CR23]\]2017USACrossover RCTBasal insulin ± OADsIDeg-100 OD vs. IGlar-100^d^ OD32720382 (53.1%)61.47.6013732.291.714.1Aso \[[@CR12]\]2017JapanRCTInsulin-naïveIDeg OD vs. IGlar OD244420 (45.5%)64.48.86162.524.661.311.5Marso \[[@CR16]\]2017438 sites in 20 countriesRCTBasal insulin ± OADsIDeg-100 OD vs. IGlar-100 OD9676374778 (62.5%)658.4 ± 1.7171.733.696.116.4Warren \[[@CR22]\]2017USACrossover RCTIGlar-100 ODIDeg-200^e^ OD vs. IGlar-100 OD3214590 (62%)55.38.15144.536.2105.212.1Pan \[[@CR19]\]201668 sites in 6 countriesRCTInsulin-naïveIDeg-100 OD vs. IGlar-100 OD26833433 (52%)568.3169.227.274.658Hollander \[[@CR15]\]2015123 sites in 12 countriesRCTBasal insulin ± OADsIDeg OD vs. IGlar OD78757410 (54.2%)58.78.25 ± 0.85165.632.1592.213.55Onishi \[[@CR18]\]201352 sites in 6 countriesRCTInsulin-naïveIDeg-100 OD vs. IGlar-100 OD26435233 (53.6%)58.68.5 ± 0.81532565.711.6Zinman \[[@CR24]\]201394 sites in 7 countriesRCTInsulin-naïveIDeg 3TWAM^f^ vs. IGlar OD26459261 (56.9%)58.28.25 ± 0.85170.432.4593.38.85Zinman \[[@CR24]\]201389 sites in7 countriesRCTInsulin-naïveIDeg 3TWPM^g^ vs. IGlar OD26467267 (57.2%)57.48.3 ± 0.817932.191.98.8Rodbard \[[@CR20]\]2013166 sites in 12 countriesRCTInsulin-naïveIDeg OD vs. IGlar OD1041030648 (63%)598.2 ± 0.8173.731.2590.69Gough \[[@CR14]\]2013106 sites in 8 countriesRCTInsulin-naïveIDeg-200 OD vs. IGlar-100 OD26457243 (53.2%)57.68.3 ± 0.95173.232.492.58.2Meneghini \[[@CR17]\]201369 sites in 14 countriesRCTBasal insulin ± OADsIDeg Flex vs. IDeg OD vs. IGlar OD26687370 (54%)56.48.4 ± 0.9160.229.681.810.6Zinman \[[@CR25]\]2012166 sites in 12 countriesRCTInsulin-naïveIDeg-100 OD vs. IGlar-100 OD521030638 (61.9%)598.2 ± 0.8173.731.2590.79Garber \[[@CR13]\]2012123 sites in 12 countriesRCTBasal insulin ± OADsIDeg-100 OD vs. IGlar-100 OD52992538 (54%)58.98.3 ± 0.8165.632.192.413.5*BMI* Body mass index, *FPG* fasting plasma glucose, *HbA1c* glycated hemoglobin, *IDeg* insulin degludec, *IGlar* insulin glargine, *RCT* randomized clinical trial, *OD* once daily, *OADs* oral anti-diabetics drugs^a^Data given as the mean ± standard deviation where available^b^IDeg-100: the 100 U/mL formulation of insulin degludec^c^IGlar-300: the 300 U/mL formulation of insulin glargine^d^IGlar-100: the 100 U/mL formulation of insulin glargine^e^IDeg-200: the 200 U/mL formulation of insulin degludec^f^3TWAM: IDeg was injected three times a week before breakfast^g^3TWPM: IDeg was injected three times a week with the evening meal Fig. 2Assessment of risk of bias. **a** Summary of risk of bias presenting each risk of a bias item for each included study, **b** each risk of a bias item presented as a percentage across all 15 studies included in the analysis

Glycemic Control {#Sec9}
----------------

Ten studies (containing 11 trials) that included 7719 patients in the insulin degludec group and 6279 patients in the insulin glargine group reported the change in HbA1c between baseline and the end of the intervention. A random-effects model was used for this analysis (*P* = 0.001, *I*^2^ = 66.5%). A pooled analysis of all 11 trials revealed that insulin glargine led to a greater mean reduction in HbA1c than did insulin degludec (WMD 0.07, 95% CI 0.01, 0.13, *P* = 0.019; Fig. [3](#Fig3){ref-type="fig"}a), with statistically significant between-study heterogeneity (*P* \< 0.1, *I*^2^ \> 50%). In this analysis, no publication bias was evident (*P* = 0.600). In the subsequent sensitivity analysis, we excluded a study by Zinman et al. \[[@CR24]\] and found that the *I*^2^ value fell from 67 to 30%. Two parallel trials in this study were the only two trials in all of studies included in our meta-analysis to use insulin degludec three times a week. The sensitivity analysis comparing IDeg OD with IGlar OD (nine trials; 13,072 participants) showed a mean overall reduction in HbA1c in favor of insulin glargine, but the difference was not statistically significant (WMD 0.03, 95% CI − 0.01, 0.07, *P* = 0.10). Subgroup analysis (*P* = 0.204, *I*^2^ = 27%) based on the background treatment (insulin-naïve vs. insulin) was also performed to demonstrate that there was no statistically significant difference between the two treatment groups regarding changes in the HbA1c level (WMD 0.03, 95% CI − 0.00, 0.07, *P* = 0.08; Fig. [3](#Fig3){ref-type="fig"}b). We detected no significant between-study heterogeneity (Table [2](#Tab2){ref-type="table"}).Fig. 3Meta-analyses of insulin degludec versus insulin glargine, comparing changes in glycated hemoglobin (HbA1c) between baseline and end of intervention. Outcomes assessed are: **a** changes in HbA1c (%), **b** subgroup analysis comparing changes in HbA1c (%) between the insulin degludec (IDeg) OD group and the insulin glargine (IGlar) OD group based on the background treatment (insulin-naïve and insulin).*OD* Once daily Table 2Changes in glycated hemoglobin based on the background treatmentChanges in\
HbA1cTrials (*n*)Sample sizeWMD95% CI*P* of χ^2^*I*^2^ (%)*P* for overall\
effectIDeg ODIGlar ODInsulin-naïve6233513880.050.00, 0.090.32150.049^a^Insulin3492244270.01− 0.06, 0.080.25280.803Total9725758150.03− 0.00, 0.070.20270.080Means and standard deviations were used to assess the weighted mean difference, with respective 95% confidence intervals. A random-effects model was used in all analyses*CI* Confidence interval, *WMD* weighted mean difference^a^Value is statistically significant at the 95% confidence limit

Ten studies (containing 11 trials) that included 8031 patients in the insulin degludec group and 6223 patients in the insulin glargine group reported the changes in FPG between baseline and the end of the intervention. A random-effects model was used for this analysis (*P* \< 0.00001, *I*^2^ = 76.3%,). A pooled analysis of 11 trials revealed that insulin degludec led to a greater mean reduction in FPG than did insulin glargine, but the difference was not statistically significant (WMD − 2.36, 95% CI − 6.51, 1.80, *P* = 0.27; Fig. [4](#Fig4){ref-type="fig"}a). In the subsequent sensitivity analysis, we excluded the study by Zinman et al. \[[@CR24]\] and found that the *I*^2^ value fell from 76 to 11%. The sensitivity analysis comparing IDeg OD with IGlar OD (nine trials; 13,328 participants) showed a mean overall reduction in FPG in favor of insulin degludec, with no significant between-study heterogeneity (WMD − 5.20, 95% CI − 7.34, − 3.07, *P* \< 0.00001; Fig. [4](#Fig4){ref-type="fig"}b). There was no significant publication bias in this analysis (*P* = 0.491).Fig. 4Meta-analyses of IDeg versus IGlar, comparing changes in the fasting plasma glucose (FPG) level between baseline and end of intervention. Outcomes assessed are: **a** changes in FPG (mg/dL), **b** sensitivity analysis comparing changes in FPG between the IDeg OD group and IGlar OD group (study of Zinman et al. \[[@CR24]\] excluded from the analysis)

We also analyzed the proportion of participants with HbA1c ≤ 7.0% at the end of the intervention; these values were presented in ten trials that included 4105 patients in the insulin degludec group and 2459 patients in the insulin glargine group. A random-effect model was used for this analysis (*P* = 0.12, *I*^2^ = 37%). Insulin glargine was linked to a higher ratio of participants with HbA1c ≤ 7.0% at the end of the study as compared to insulin degludec  (RR 0.92 , 95% CI 0.86, 0.98, *P* = 0.01; ESM Fig. S1). The sensitivity analysis was performed by removing each study separately from the pooled analysis; however, between-study heterogeneity and consequence were not significantly influenced, thereby indicating the robustness of the results. In this analysis, no publication bias was evident (*P* = 0.511).

Hypoglycemic Events {#Sec10}
-------------------

Pooled analysis of the 12 studies (8903 participants; *P* = 0.053, *I*^2^ = 43.5%) that assessed the proportion of participants experiencing ≥ 1 hypoglycemic event showed a lower incidence of all confirmed hypoglycemic episodes when participants were treated with insulin degludec, as compared to treatment insulin glargine, but the difference was not statistically significant (RR 0.98, 95% CI 0.93, 1.03, *P* = 0.43; ESM Fig. S2). In this analysis, no publication bias was evident (*P* = 0.769).

Nine studies that included 8683 patients in the insulin degludec group and 6386 patients in the insulin glargine group reported the proportion of participants experiencing ≥ 1 severe  hypoglycemic event. A random-effects model was applied for this analysis  (*P* = 0.175, *I*^2^ = 30.5%). Insulin degludec was associated with a lower ratio of participants experiencing ≥ 1 severe   hypoglycemic event as compared to insulin glargine (RR 0.68, 95% CI 0.50, 0.93, *P* = 0.01; Fig. [5](#Fig5){ref-type="fig"}a). The sensitivity analysis was performed by removing each study from the pooled analysis; however, the between-study heterogeneity and consequence were not noticeably influenced by this procedure, which indicates the robustness of the results. In this analysis, no publication bias was evident (*P* = 0.662).Fig. 5Comparison of the proportion of participants experiencing ≥ 1 hypoglycemic event. Outcomes assessed   are: **a** incidence of severe hypoglycemic episodes, **b** incidence of nocturnal hypoglycemic episodes.*RR* Relative risk

Thirteen studies that included 6293 patients in the insulin degludec group and 3633 patients in the insulin glargine group reported the proportion of participants experiencing ≥ 1 nocturnal  hypoglycemic event. A random-effects model was applied for this analysis (*P* = 0.491, *I*^2^ = 0.0%). Insulin degludec was associated with a lower ratio of participants experiencing ≥ 1 nocturnal  hypoglycemic event as compared to insulin glargine (RR 0.81, 95% CI 0.75, 0.88, *P* \< 0.0001; Fig. [5](#Fig5){ref-type="fig"}b). In this analysis, no publication bias was evident (*P* = 0.741).

Body weight Control {#Sec11}
-------------------

Six studies that included 6713 patients in the insulin degludec group and 5431 patients in the insulin glargine group reported changes in body weight. A random-effect model was applied for this analysis (*P* = 0.0003, *I*^2^ = 79%). Pooling the data of these studies showed that insulin degludec led to a greater mean weight gain than did insulin glargine, but the difference was not statistically significant (WMD 0.23, 95% CI − 0.14, 0.61, *P* = 0.22; ESM Fig. S3Aa). In the subsequent sensitivity analysis, we excluded a study by Marso et al. \[[@CR16]\] and found that the *I*^2^ value fell from 79 to 37%, but again there was no statistically significant difference between the treatment groups (WMD 0.12, 95% CI − 0.19, 0.43, *P* = 0.46; ESM Fig. S3b).

Serious Adverse Events {#Sec12}
----------------------

Thirteen studies that included 9961 patients in the insulin degludec group and 7310 patients in the insulin glargine group reported the proportion of participants with SAEs. A random-effect model was applied for this analysis (*P* = 0.70, *I*^2^= 0%). Insulin degludec was associated with a lower ratio of participants with SAEs as compared to insulin glargine, but the difference was not statistically significant (RR 0.97, 95% CI 0.92, 1.02, *P* = 0.20; ESM Fig. S4). In this analysis, no publication bias was evident (*P* = 0.367). Table [3](#Tab3){ref-type="table"} shows the main adverse events reported in the above-mentioned 13 studies.Table 3Main adverse events reportedAdverse eventStudies (*n*)Insulin degludecInsulin glargineRR95% CI*P* of χ^2^*I*^2^ (%)*P* for overall effectSample sizeReported cases (*n*)Incidence rate (%)Sample sizeReported cases (*n*)Incidence rate (%)Adjudicated MACE764833765.8057043836.710.9300.811, 1.0680.9350.000.305 Myocardial infarction352421573.0047351763.720.8620.697, 1.0650.8580.00.168 Unstable angina pectoris35242801.534735811.710.9240.678, 1.2590.4220.00.615 Acute coronary syndrome31213201.65714101.400.8920.406, 1.9570.8820.00.775 Nonfatal stroke45469831.524964811.630.9520.699, 1.2970.4450.00.756Most frequent adverse events (≥ 5%) Headaches2994525.23485336.800.9540.611, 1.4890.4440.00.836 Nasopharyngitis31278866.73631507.920.8630.579, 1.2860.25327.30.468 Upper respiratory tract infection31278604.69631568.870.5180.362, 0.7410.9640.00.000^a^ Diarrhea2994414.12485295.980.8550.532, 1.3740.8290.00.518Deaths352552093.9847412304.850.8140.544, 1.2190.31812.70.318 Cardiovascular death352421432.7347351443.040.9700.772, 1.2200.7420.00.797Means and standard deviations were used to assess the WMD, with respective 95% confidence intervals. Random-effects models were used in all analyses*MACE* Major adverse cardiovascular event,*RR* relative risk^a^Value is statistically significant at the 95% confidence limit

Seven studies that included 6483 patients in the insulin degludec group and 5704 patients in the insulin glargine group reported the proportion of participants with MACEs. A random-effects model was applied to this analysis (*P* = 0.94, *I*^2^= 0%). Insulin degludec was associated with a lower ratio of participants with MACEs as compared to insulin glargine. However, the difference was not statistically significant (RR 0.93, 95% CI 0.81, 1.07, *P* = 0.31; ESM Fig. S5). Table [3](#Tab3){ref-type="table"} shows the MACEs reported in the above-mentioned studies.

Sensitivity and Subgroup Analysis {#Sec13}
---------------------------------

Among all 11 studies that reported the changes in HbA1c, two trials by Zinman et al. \[[@CR24]\] were the only two studies to use insulin degludec three times a week. In the sensitivity analysis, we excluded these two trials and found that the *I*^2^ value fell from 67 to 30%. Additionally, when these two trials were excluded from all 11 studies that reported the changes in FPG, the *I*^2^ value fell from 76 to 11%. The sensitivity analysis on changes in body weight was performed without the source of heterogeneity (ESM Fig. S6). In all six studies that reported changes in body weight, one study with a large sample size by Marso et al. \[[@CR16]\] showed a significant difference in changes in body weight between the two treatment groups. By excluding this study, we found that the *I*^2^ value fell from 79 to 37%. Based on the background treatment (insulin-naïve or insulin), a subgroup analysis was also performed to compare the changes in HbA1c between the IDeg OD group and IGlar OD group; no significant between-study heterogeneity was detected (Table [2](#Tab2){ref-type="table"}).

Meta-regression {#Sec14}
---------------

In the context of comparing the efficacy and safety of insulin degludec and insulin glargine, we performed meta-regression on ten studies comparing the changes in HbA1c, on ten studies comparing the changes in FPG, on nine studies comparing the proportion of participants with HbA1c ≤ 7.0%,  on 11 studies comparing the proportion of participants with confirmed hypoglycemia, on nine studies comparing the proportion of participants with severe hypoglycemia, on 12 studies comparing the proportion of participants with nocturnal hypoglycemia, and on 12 studies comparing the proportion of participants with SAEs. Our results showed that sex ratio, mean age, baseline HbA1c, baseline BMI, baseline weight, baseline FPG, duration of diabetes, and duration of interventions had no significant impact (*P* \> 0.05) on the effect size of the differences of these outcomes in patients with T2DM (ESM Table S2).

Discussion {#Sec15}
==========

The first long-acting basal insulin analogue, insulin glargine, is associated with lower rates of hypoglycemic episodes and less day-to-day variability than NPH insulins. However, because it fails to offer reliable full-day coverage, considerable residual variability and hypoglycemia risk still remain \[[@CR4], [@CR5]\]. Insulin degludec, a novel ultra-long-acting basal insulin analogue with a duration of action of \> 40 h and a half-life of approximately 25 h, has flatter action profiles and a longer duration of action than insulin glargine \[[@CR6], [@CR8]\]. However, the very long action of insulin degludec may cause insulin adjustments to be delayed as well as insulin stacking, especially when extra dosages are required by patients with T2DM, which may increase the risk of hypoglycemia. Therefore, numerous trials have focused on determining whether insulin degludec has better clinical efficacy and safety than insulin glargine.

Our pooled results showed that insulin glargine provided greater HbA1c reduction than insulin degludec, but with statistically significant between-study heterogeneity. In a subsequent sensitivity analysis, we excluded two trials that used insulin degludec three times a week \[[@CR24]\] and found that there was no statistical difference for the HbA1c reduction without statistically significant between-study heterogeneity, which suggests that the efficacy of the two treatment groups is related to dosing regimens (once-daily vs. three times a week). Subgroup analysis based on the background treatment (insulin-naïve or insulin) was also conducted to show that there was no statistically significant difference in HbA1c reduction. Furthermore, insulin glargine was associated with a higher ratio of participants with an HbA1c of ≤ 7.0% at the end of the study as compared to insulin degludec. Additionally, our results show that IGlar OD led to a lower reduction in FPG than did IDeg OD, with no significant between-study heterogeneity. In short, these results suggest that insulin glargine may provide a similar glycemic control as insulin degludec.

Indeed, in the management of T2DM, the ideal triumvirate of short-term outcomes includes not only a potent glucose-lowering capacity, but also a low propensity for causing hypoglycemia and body weight gain \[[@CR26]\]. Compared with insulin glargine, insulin degludec is associated with a lower ratio of participants experiencing ≥ 1 severe   hypoglycemic event, which is notably related to its lower variability of daily fasting  glycemia \[[@CR27]\]. In our meta-analysis, we found that insulin degludec reduced the incidence of nocturnal hypoglycemic events as compared to insulin glargine, an action which is correlated with its PK/PD profiles: insulin degludec has flatter action profiles and longer duration of action than insulin glargine. It is generally known that nocturnal hypoglycemia, especially severe hypoglycemia, increases the risk of mortality, cardiovascular events, and SAEs; this causes widespread concern among patients, resulting in T2DM patients being reluctant to optimize insulin treatment \[[@CR9]\]. Insulin degludec can notably reduce the risk of nocturnal and severe hypoglycemia; as such, it represents an advance in the management of hypoglycemic events in patients with T2DM \[[@CR6], [@CR8]\]. There was no statistical difference in body weight gain between the two treatment groups in the trials included in our meta-analysis, but more studies with larger sample sizes should be performed to determine changes in body weight. In the trials included in our meta-analysis, the ratio of patients with SAEs was lower in the insulin degludec group than in the insulin glargine group, but the difference was not statistically different. This result could be explained by the possibility that the criteria used for the definition of SAEs in the different trials were not fully consistent.

There are several strengths to our meta-analysis. First, the findings of our study are robust and consistent, since the sources of heterogeneity in our meta-analysis were determined and no significant between-study heterogeneity was detected in the additional sensitivity analysis. Indeed, this consistency is apparent despite the RCTs included in the meta-analysis differing in terms of background therapy and dosing regimens, and is proved by the subgroup analyses. Second, a large number of RCTs and patients with T2DM are included in our meta-analysis, which improved the statistical power of the meta-analysis on rare outcomes, such as the proportion of participants experiencing ≥ 1 severe  hypoglycemic event, MACEs, and SAEs. Finally, two reviewers conducted comprehensive literature searches and quality assessments independently of each other, which minimizes the risk of bias and makes the results more reliable.

A limitation of this analysis is that while most of the included studies have been published in high-impact journals, there were several study characteristics that pose potential risks of bias, such as open-label design and manufacturer funding. Second, differences in insulin preparations, including medication frequency (once-daily or three times a week), drug concentration (100 U/mL, 200 U/mL, or 300 U/mL), and intervals between injections, may cause between-study heterogeneity. Third, the criteria used for the definition of severe hypoglycemia and SAEs in the different trials may not be fully consistent. Finally, the difference in costs between these two insulins was not taken into account in this analysis. However, cost is always a factor that is taken into consideration when clinicians are prescribing diabetic patients; therefore, future researchers should pay attention to this issue.

Conclusions {#Sec16}
===========

Findings from our meta-analysis show that insulin degludec has an overall beneficial effect on the management of type 2 diabetes as compared to insulin glargine, mainly manifesting in the lower risks of severe and nocturnal hypoglycemia.
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